Protein phosphorylation is believed to play a role in the regulation of ciliary motility in the protozoan Paramecium tetraurelia. Five protein kinases from Paramecium, activated by cyclic nucleotides or Ca2l, have been characterized previously. We report here the identification ofa family of second-messenger-independent casein kinases in Paramecium. Casein kinase activity was enriched in the soluble frpction of.oilia, but there was also significant activity tightly associated with axonemes. Three ciliary casein kinase activities (soluble CKS1 and CKS2, and axonemal CKA) were separated by chromatography and characterized. The native forms of all three were monomeric, with molecular masses of 28-45 kDa as judged by in-gel kinase assays and sizing by gel
INTRODUCTION
The ciliated protozoan Paramecium responds to various stimuli by changing both the speed and the direction of its motion. The swimming behaviour of the cell is influenced by second messengers such as Ca2+ and cyclic nucleotides, which alter the frequency and direction of the ciliary power stroke (reviewed in Bonini et al., 1991) . In some cases, changes in Ca2+-and cyclicnucleotide-dependent phosphorylation are correlated with behavioural effects. These second messengers may stimulate specific protein kinases, resulting in phosphorylation of target proteins, and triggering changes in behaviour. To understand this process more thoroughly, much of the work in our laboratory has focused on the identification and characterization of protein kinases in Paramecium.
Cyclic-nucleotide-dependent (PKA and PKG) (Miglietta and Nelson, 1988; Hochstrasser and Nelson, 1989; Mason and Nelson, 1989a,b) and Ca2+-dependent (CaPKl and CaPK2) (Gundersen and Nelson, 1987; Son et al., 1993) protein kinases have been purified from Paramecium. Both PKG and two forms of PKA have been isolated and characterized from cilia as well as from soluble fractions of whole cells (Miglietta and Nelson, 1988; Hochstrasser and Nelson, 1989; Mason and Nelson, 1989a,b) . The two Ca2+-dependent protein kinases have been purified from Paramecium cell bodies and detected immunologically in cilia, although they have not yet been isolated from cilia (Gundersen and Nelson, 1987;  Son, 1991; Son et al., 1993) .
Most of the phosphorylation of ciliary proteins in Paramecium is independent of Ca2+ or cyclic nucleotides (Lewis and Nelson, 1981 ; Travis and Nelson, 1988; Hamasaki et al., 1989; Bonini and Nelson, 1990) , suggesting the presence of additional filtration. CKS2 was inhibited by heparin, but CKA was unaffected and CKS1 was stimulated. All three activities preferred acidic substrates such as casein and phosvitin, but they could be distinguished by their preference for other substrates. Antibodies against mammalian casein kinase I recognized CKS1 and CKS2 in immunoblots (43 kDa), but did not stain CKA. The antibodies to casein kinase I were used to probe other cellular fractions. A 65 kDa antigen (particulate casein kinase, CKP) was enriched in particulate fractions of whole cells. This 65 kDa protein was found in isolated cell cortices, but was not present in the infraciliary lattice. This report represents the first biochemical identification of a casein kinase I family in protozoa.
messenger-independent kinases in the cilia. The present paper describes a family of casein kinases in the cilia of Paramecium.
Casein kinases are serine/threonine protein kinases that use the acidic protein casein as a substrate in vitro (reviewed by Tuazon and Traugh, 1991 (Rowles et al., 1991) . Four forms have been cloned from a bovine brain cDNA library, and in the yeast Saccharomyces cerevisiae at least three casein kinases have been cloned (Hoekstra et al., 1991; DeMaggio et al., 1992; Robinson et al., 1992 Isolation of ciliary fractions and purffication of kinases Paramecium tetraurelia (strain 51S) was grown at 25°C in Soldo's crude axenic medium (Van Wagtendonk, 1974) . Cells were harvested from 40-litre cultures at late-exponential to earlystationary phase as described previously (Adoutte et al., 1980) . Modifications to this procedure included immobilization in SMEN (0.5 M sucrose/20 mM Mops/2 mM EDTA/6 mM NaCl, pH 7.5) instead of STEN (0.5 M sucrose/20 mM Tris/ 2 mM EDTA/6 mM NaCl, pH 7.5), and deciliation by addition of BaCl2 instead of CaCl2 with 0.3 mM phenylmethanesulphonyl fluoride (PMSF) in the deciliation buffer. Cilia were pelleted for 30 min at 30000 g, washed once, and resuspended at 8-10 mg/ml in low-ionic-strength ME buffer (1 mM Mops/0.1 mM EDTA, pH 8.0) with protease inhibitors (0.3 mM PMSF, 0.1 trypsininhibitor unit/ml aprotinin, 2,g/ml leupeptin, 0.3 mM N-ap-tosyl-L-arginine methyl ester (TAME), 2 ,ug/ml pepstatin A). The ciliary suspension was vortex-mixed for 2 min and then centrifuged at 30000 g for 20 min. The supernatant was adjusted to 20 mM Mops and 0.1 M NaCl and used in the purification described below (ME extract). The pellet, which consisted of axonemes and ciliary membranes, was resuspended at 4-5 mg/ml in MMKE (20 mM Mops/1 mM MgCl2/l00 mM KCl/0.1 mM EDTA, pH 7.5) with protease inhibitors and extracted with 0.5 % Triton X-100 to remove membranes. The axonemes were washed twice with MMKE and then extracted with 0.5 M KC1.
The purification strategy is summarized in Figure 1 , and the details of the chromatography are given in the Figure legends.
Subcellular fractionation
Ciliary fractions were prepared as described above. Trichocysts (secretory granules) were induced to discharge by washing the cells in cold Dryl's buffer (1 mM NaH2PO4/l mM Na2HPO4/ 2mM Na2C03/1.5 mM CaCl2, pH 6.8). The trichocysts were collected and pelleted at 30000 g for 20 min. They were washed three times in 10 mM Tris (pH 8.0)/3 mM EDTA and resuspended in the same buffer. After deciliation, the cell bodies were resuspended in homogenization buffer (50 mM Hepes/0.25 M sucrose/2 mM EDTA/2 mM EGTA, pH 6.9, plus protease inhibitors as above) and crushed by repeated passages through a syringe held tightly against the bottom of a glass beaker. Homogenization was monitored microscopically until no whole cells were seen. The cell suspension was centrifuged at 30000 g for 30 min to generate the low-speed pellet and supernatant. This supernatant was then centrifuged at 100000 g for 60 min to generate the high-speed supernatant and pellet.
Pellicles were prepared by a modification of Keryer et al. (1987) . Protease The infraciliary lattice was prepared essentially as described previously (Garreau DeLoubresse et al., 1988) .
Protein and kinase assays Protein was assayed as described by Bradford (1976) , with BSA as standard.
Protein kinase activity was assayed in a 100 ,ul reaction mixture containing 50 mM Mops, pH 6.5, 10 mM MgCl2, 1 mg/ml substrate and 100 IuM [y-32P]ATP (50 Ci/mol) for 10-15 min.
The reaction was initiated with [y-32P]ATP and terminated by spotting the reaction mixture on Whatman filter paper and dropping it into cold 10 % trichloroacetic acid. The filters were washed, and 32P was measured by liquid-scintillation counting; 1 unit = 1 pmol of phosphate transferred/min (Corbin and Reiman, 1974) . For routine assays, the substrate was total casein isolated from bovine milk and dephosphorylated (Sigma C4765). For the determination of substrate specificity, the dephosphorylated a-(Sigma C8032) and fi-(Sigma C8157) isoforms of casein were tested separately in the assay.
In-gel kinase assay
Protein kinase activity was determined by a modification of the method of Kameshita and Fujisawa (1989) . After SDS/PAGE, the gels were washed twice for 30 min in 50 mM Tris (pH 8.0)/ 20% (v/v) propan-2-ol. The gels were then washed twice for 30 min in Buffer A (50 mM Tris, pH 8.0, 5 mM 2-mercaptoethanol). The proteins were denatured in 6 M guanidine/HCl in Buffer A (two 30 min washes) and then renatured by washing overnight at 4°C in Buffer A plus 0.05 % Tween 40 with at least four changes of buffer. The gel was equilibrated in kinase buffer (50 mM Mops, pH 6.5, 10 mM MgCl2) and the reaction then was carried out in kinase buffer (10 ml) with 2.5 ,uCi/ml [y-32P]ATP for 2 h at room temperature.
The gel was washed extensively in 5 % trichloroacetic acid with 1 % sodium pyrophosphate, dried and exposed to film. Prestained molecular-mass standards were used to judge the size of the phosphorylated bands.
Antibodies and immunoblots Anti-CKI polyclonal antibodies were generated against human erythrocyte CKI and were affinity-purified on a column containing purified CKI as described previously (Brockman et al., 1992) . Anti-PKA monoclonal antibodies were generated against the cellular form of PKA from Paramecium (Hochstrasser and Nelson, 1989) . Anti-PKG monoclonal antibodies were generated against the cellular form of PKG from Paramecium (White, 1990) . Anti-(calcium kinase) antibodies were generated against both cellular forms of the kinase from Paramecium (Son, 1991) . All monoclonal antibodies were used as tissue culture supernatants.
Proteins separated by SDS/PAGE (Laemmli, 1970) Cells were harvested and cilia isolated as described in the Materials and methods section. The ME extract was run on a Sephacryl S-200 column. The S-200 36 kDa pool was run on a casein-agarose affinity column which separated two activities (CKS1 flowed through the column and CKS2 was eluted with 0.5 M NaCI). The high-salt extract (HSE) of axonemes was run on a Sephacryl S-200 column, and the 28 kDa pool was used for experiments described in the text (CKA).
(106 c.p.m./ml) for 1 h. The blots were washed three times (10 min each) in PBS, dried, and exposed to X-ray film with intensifying screens.
RESULTS-AND DISCUSSION Identification and purffication of casein kinases
Casein kinase activity was first identified in the high-salt extract of axonemes used for dynein purification (Walczak and Nelson, 1993) . Most of the casein kinase activity, and the highest specific activity, was found in the soluble extract of cilia (ME extract; see Table 1 Casein kinase activity of ciliary fractim Ciliary fractions prepared as described in Figure 1 (Table 1 ). There was a large increase in total activity as the purification proceeded from whole cilia to the soluble extract. The crude nature of whole cilia probably leads to an underestimate of the total amount of ciliary casein kinase activity. It is also possible that there are endogenous regulators in cilia that have been lost in the purification of the activities. CKI from erythrocytes is negatively regulated by phosphatidylinositol 4,5-bisphosphate (Bazenet et al., 1990; Brockman and Anderson, 1991) . The ME extract was used as the starting material for purification of the soluble casein kinases (CKS1 and CKS2). The highsalt extract of axonemes was used for purification of the axonemal kinase (CKA).
The first step in the purification of the soluble kinases and the axonemal kinase, chromatography on Sephacryl S-200 ( Figure   2 ), resulted in recovery of 50-100 % of the activity of each fraction, depending on the preparation (Table 2 ). The soluble casein kinases were eluted together as a single peak of activity with a molecular mass of 36 kDa (Figure 2a ). This column separated the casein kinases from both forms of ciliary PKA, which are also soluble under these conditions. No PKG or Ca+-dependent kinase immunoreactivity was detected in the S-200 profile of the ME extract, as judged by e.l.i.s.a. with antibodies to each of these kinases (results not shown). In a separate experiment, CKA was also eluted as a single peak of activity (Figure 2b) The peak fractions from the S-200 column were pooled and run on an x-casein-agarose affinity column at 10 ml/h in METP+0.1 M NaCI, then eluted with increasing amounts of salt. Fractions: 1-22, load and flow-through; 23-32, 0.5 M wash; 33-40, 1 M wash. Fractions of volume 1.5 ml were collected and assayed for protein (U) and casein kinase activity (0). The peak fractions were pooled and used in the experiments described in the text. ducibly separated the activity into two peaks (Figure 3 ). The peak of activity that flowed through the column (CKS1) represented about 85 % of the total activity recovered from this column. The second peak of activity (CKS2) was eluted from-the column with 0.5 M NaCl and accounted for the remainder of the activity ( (Figure 4 ). CKS1 was activated (25%) by 1-2 /ug/ml concentrations of heparin; CKS2 was inhibited (50%) by 1-2,tg/ml concentrations of heparin; and CKA was virtually unaffected by the concentrations of heparin tested. Overexpressed CK1A is activated by heparin with some substrates, but not with others, suggesting that this may be a conserved feature of the casein kinases (Graves et al., 1993) . The substrate specificities of the three kinases were also distinct ( (Figure 5a ). The band associated with the major kinase activity in the ME extract was of approx. 45 kDa (lane 2). This activity was due to CKS1 (lane 4). CKS2 had no activity in this assay (lane 5). In-gel kinase assay and immunoblot of casein kinases Samples from the purifications described above were pooled and precipitated with trichloroacetic acid. (a) Samples were phosphorylated in-gel after running on SDS/PAGE (12% gel) in which the gels contained 1 mg/ml casein in the matrix, according to published procedures (Kameshita and Fujisawa, 1989) . The gel was dried and exposed to film. Lanes: 1,10 units of cilia; 2, 10 units of ME extract; 3,50 units of ME S-200 pool; 4,100 units of CKS1; 5,100 units of CKS2; 6, blank; 7, 10 units of high-salt extract of axonemes; 8, 50 units of CKA. (b) Samples were run on SDS/PAGE (12% gel), transferred to nitrocellulose paper, and probed with anti-CKI antibodies, followed by incubation with 1251-Protein A. The blot was dried and exposed to film. Lanes: 1, 25 ,g of cilia; 2, 20 mg of ME extract; 3, 10 atg of ME S-200 Pool; 4, 7.5 ,g of CKS1; 5, 7.5 ,ag of CKS2; 6, 25 ,tg of high-salt extract of axonemes; 7, 3 jug of CKA.
although only the two smaller bands were present in the S-200 pool generated from this extract and represent CKA (lane 8). We do not know whether this mixture of bands represents several kinases or fragments of a single kinase. Given that the sizes of each of the catalytic subunits are similar to the sizes of the enzymes as determined by gel-filtration chromatography above, it appears that the active form of each of the enzymes is a monomer.
To explore the relationship of ciliary casein kinases to mammalian CKI, antibodies raised against the a isotype of CKI from human erythrocytes were used to probe immunoblots of the various casein kinases. The antibodies reacted most strongly with a 43 kDa protein in the CKS2 fraction ( Figure Sb, lane 5) . The antibodies reacted less strongly with a 43 kDa protein in the CKS1 fraction ( Figure Sb, lane 4) . There was no significant reaction with CKA. These results suggest that CKS1 and CKS2 are the Paramecium equivalents of CKI family members of mammals.
Presence of CKI In cell bodies
To determine whether casein kinases were present in cell bodies or were specific to the cilia, we used the antibodies against mammalian CKI to probe immunoblots of various subcellular fractions of Paramecium ( Figure 6 ). The antibodies reacted very strongly with several proteins in whole cell extract (lane 1). There was a strong reaction with a 65 kDa protein that was enriched in the particulate fractions of the body (lanes 3 and 5). As expected, the immunoreactivity in cilia was with a 45 kDa protein in the soluble fraction (lane 8), and some immunoreactivity was also present in the membrane fraction (lane 9). The reactivity with a 65 kDa protein in these fractions was not consistent from preparation to preparation. There was no significant reaction with axonemal proteins, consistent with the results in Figure 5 . There was also no reaction with extruded trichocysts, which contain the secretory proteins of Paramecium. In addition, we have done immunoblots on these Paramecium fractions using at least a dozen other antibodies against various antigens, including Cell fractions were generated as described in the Materials and methods section. Proteins were run on SDS/PAGE (12% gel) and either stained with Coomassie Brilliant Blue (a) or transferred to nitrocellulose paper and probed with anti-CKI antibodies, followed by incubation with 1251_ Protein A (b (Hufnagel, 1969; Grain, 1986 Figure 7a with lane 1 of Figure 7b) . The (Figure 7b ).
Conclusion
We have identified in Paramecium a family of four messengerindependent protein kinases that phosphorylate casein. Three of the activities were isolated from cilia (summarized in (Graves et al., 1993) . Antibodies to a 45 kDa yeast casein kinase cross-react with a 45 kDa protein in mouse ascites-tumour cells (Grankowski and Issinger, 1990) . This is identical in size with two of our ciliary enzymes, CKS1 and CKS2. The yeast YCKI and YCK2 (CKII and CKI2) gene products, which have high sequence similarity to mammalian CKI, are predicted to be of 62 kDa (Robinson et al., 1992; Wang et al., 1992) , which is similar to that for our particulate form, CKP. Others also have reported CKI species with sizes other than that for the classic mammalian enzyme (reviewed by Tuazon and Traugh, 1991) . The fourth kinase, CKA, with some properties in common with CKI but lacking cross-reaction, also has a size in the CKI range.
Surprisingly, there are few reports of the identification of casein kinase activities in cilia or in flagella. Murofushi (1973) detected and characterized a messenger-independent protein kinase in the cilia of Tetrahymena. It, like our CKA, was solubilized from the axoneme with high salt and preferred casein to histone as a substrate. One of its major ciliary substrates was tubulin. Preliminary experiments suggest that CKA as well as CKS1 and CKS2 phosphorylate tubulin in vitro (C. E. Walczak and D. L. Nelson, unpublished work). The size of the Tetrahymena kinase on gel filtration was approx. 50 kDa, larger than our CKA, but in the range for other casein kinases. Chaudhry et al. (1991) purified CKI from bovine sperm. Their starting material was whole sperm, including sperm heads, which contain the bulk of the sperm protein and contain nuclei. Since previous reports have found nuclear forms of CKI (Grankowski and Issinger, 1990; Tuazon and Traugh, 1991) , it is likely that their enzyme is a nuclear casein kinase and not an axonemal one.
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